A simple, noninvasive method of measuring CBF that uses single photon emission computed tomog raphy (SPECT) of 99mTc-hexamethylpropyleneamine ox ime ( 99 mTc-HMPAO) and whole-brain CBF obtained by 1 33 Xe clearance technique was developed. SPECT data were normalized to the count density of HMP AO uptake in the whole brain and then converted to the absolute units of CBF by multiplying average CBF in the whole brain obtained by 1 33 Xe. Mean CBF values in healthy volunteers (n = 12) were 49 ± 7 and 30 ± 5 ml 100 g-I
CBP is useful in assessing brain function in pa tients with cerebral disorders (Kety and Schmidt. , 1948) . Of the available CBP single photon tracers, 99mTc-hexamethylpropyleneamine oxime (99mTc_ HMPAO) has the best imaging and dosimetry char acteristics. Many investigators have tried to mea sure the absolute value of regional CBP (rCBP) us ing 99mTc-HMPAO and single photon emission computed tomography (SPECT) (Andersen et aI., 1988; Inugami et aI., 1988; Matsuda et aI. , 1988 Matsuda et aI. , , 1992 Nickel et aI. , 1989; Gemmell et aI. , 1990; Pupi et aI., 1991; Murase et aI. , 1992) . However, the ki-min -I for gray matter and white matter, respectively, with a global flow value of 45 ± 5 mlloo g-I min -I. The mean flow value was 19 ± 7 mlloo g-I min -I for the core of the infarct and 31 ± 5 ml 100 g -1 min -1 for the con tralateral region (n = 13). CBF values were reproducible for all brain regions. The method was convenient to use and suitable for the routine measurement of regional CBF in normal and pathologic states. Key Words: Cerebral blood flow-Hexamethylpropyleneamine oxime-Single photon emission computed tomography-99 mTc_1 33 Xe.
netics of 99mTc-HMPAO in the human brain have not been completely determined (Lassen et aI. , 1988; Neirinckx et aI. , 1988) , and thus the repro ducibility and clinical relevance of the obtained CBP values have not been studied. Required for use in the routine clinical quantitation of rCBP is a method that permits rapid evaluation at lower cost with higher reproducibility. We describe a noninva sive, simple method for the quantitative assessment of rCBP using 99mTc_HMPAO SPECT combined with the flow value obtained in the whole brain by the 133Xe clearance technique.
METHODS

CBF SPECT procedures
Studies were conducted in 37 subjects including 12 healthy volunteers (controls) and 25 patients with isch emic cerebrovascular disease (CVD). Five patients had a transient ischemic attack (TIA) and 20 had a completed stroke (lacunar infarction in 7 and cortical infarction in 13). The relationship between HMPAO concentration in the tissue and the true CBF was previously described (Lassen et aI., 1988) by F/Fr = C/C" where Ci and Cr are the concentrations of tracer in the region of interest (ROI) and in the reference region, respectively, and Fi and Fr are the CBFs in these regions. The true value of CBF was determined prior to HMP AO SPECT by the intravenous J33Xe method (Obrist et aI., 1975) and a helmet-type par allel 32-detector system (BF 1400; Valmet, Sweden). A bolus of 370 MBq 133Xe was administered into an ante cubital vein and the clearance curve was recorded over 10 min from each head detector as well as from a separate detector that monitored the radioactivity in expired air. The clearance of the head curve was fitted by a two compartment deconvolution, using end-tidal 133Xe counts as an input function (Obrist and Wilkinson, 1985) . Fg (fast flow), fw (slow flow), and Wg (relative tissue weight of gray matter) were used in this study because they provide more direct estimates of flow in gray matter and white matter than do the noncompartmental indexes. As an es timate of Fr, the average flows of gray and white matter if,;) were computed for the whole brain by fa = fgwg + fw (1 -wg). Immediately after the 133Xe study, 740 MBq 99mTc-HMPAO (Ceretec; Amersham Ltd., Japan) was administered intravenously. Image acquisition was started 5 min postinjection. SPECT scanning was per formed with a single-head rotating camera (GCA-90IA; Toshiba, Japan) fitted with a low-energy, high-resolution parallel-hole collimator that was linked to a computer sys tem. Sixty views, 20-s frames collected over 360°, were recorded into a 128 x 128 matrix format. Transaxial slices were reconstructed from the prefiltered raw data (nine point weighted filter) with the aid of filtered back projection algorithms using a ramp filter. To correct the absorption, we used Chang's correction method (1978) , which assumes that the attenuation process is homoge neous throughout the brain and can be described as an exponential function. The corresponding coefficient of 0.095 cm -I was determined using a homogeneous head phantom. Transaxial sections at 2.7-mm intervals were used to reconstruct computed images 8.1 mm thick in planes parallel to the orbitomeatal line. Individual ROI values (Ci) were normalized by dividing Ci by the average value from the whole brain (Cr) over five consecutive slices, beginning with the midslice containing the basal ganglia and the thalamus. ROIs for the outer edge of the brain were hand-drawn by visual inspection. Regional CBF mapping was then made by multiplying C/Cr by fa.
Data analysis
Nine pairs of circular ROIs (8 pixels in diameter, 3.6 cm2) were drawn bilaterally on the quantitative CBF SPECT images. The mean value for gray matter was cal culated by averaging the CBF values of the five pairs of cortical ROIs. rCBF values were compared among the CVD subgroups by one-way analysis of variance. rCBF values of the affected side was compared with those of the contralateral side by paired t test. For 13 patients who had cortical infarction, an ROI was drawn in the core of the hypodense area on CT, and the mean CBF value within the ROI was compared with that in the contralat eral mirror locus by paired t test. To estimate the repro ducibility of the rCBF, 12 of 37 subjects including 4 con trols and 8 patients with chronic CVD underwent CBF SPECT twice, 4 weeks apart. Data were presented as means ± SD. Statistical significance was set at the p < 0.05 level. Table 1 shows the mean rCBF, hemispheric CBF, and gray matter CBF values in the controls ob tained with SPECT. The rCBF in the right hemi sphere tended to be higher than that in the left hemi sphere, but not to a significant extent. In comparing the mean for each RO I, the highest rCBF was found in the basal ganglia, followed by the occipital cor tex, thalamus, and frontal cortex. Significant differ ences of rCBF values were observed among the three CVD groups in the affected and contralateral hemispheres [affected side: F(2, 22) = 3.42-9. 85, p < 0.05-0.01; contralateral side: F(2, 22) = 3.46-8.08, p < 0.05-0.01]. Mean rCBF values in the af fected hemisphere were significantly lower than those in the contralateral hemisphere in the group with cortical infarction (p < 0.05 for the occipital cortex, temporal cortex, hippocampus, and gray matter). No significant interhemispheric differences of rCBF were found in the groups with TIA and lacunar infarction. The rCBF and CT images of a patient with cerebral infarction in the right frontal lobe are shown in Fig. 1 . In patients with cortical infarction, the mean rCBF values was 19. 2 ± 6. 6 ml 100 g -I min -I in the core of the hypodense area on CT and 31.1 ± 5 ml 100 g-I min-I in the contra lateral mirror locus (p < 0.01) (Fig. 1) .
RESULTS
Mean rCBF values obtained in the second mea surement did not differ significantly from the first (right gray matter first: 39.3 ± 7. 0 ml 100 g-I min-I, right gray matter second: 39. 7 ± 7. 5 mll00 g-I min-I; left gray matter first: 39. 7 ± 7.3 mlloo g-I min-I, left gray matter second: 39. 3 ± 7. 0 ml 100 g-I min -I). The two measurements showed good reproducibility, represented by a correlation coefficient of 0.918 (p < 0.001) for the right gray matter and 0. 898 (p < 0.001) for the left gray matter. CBF values were reproducible for all brain regions [rs = 0. 73 (left thalamus) to rs = 0. 96 (right occip ital); p < 0.05-0.001]. The coefficient of variation 55. 5 ± 6. 9 53.7 ± 7.3 46. 9 ± 6.0 43.3 ± 5. 9 30. 5 ± 4.7 48.9 ± 6. 8 44.6 ± 5. 5 61.4 ± 10.5
Values are means ± SD, expressed as ml 100 g-I min -I. FIG. 1: x-Ray computed tomography (CT) (A) and CBF single photon emission CT map (8) of a patient with left hemipare sis, and mean ± SO regional CBF (rCBF) values in the core of the infarct and in the contralateral mirror locus for 13 pa tients (C). Hypodense areas on CT are seen in the right fron tal cortex. rCBF value was 12 ml 100 g-1 min-1 in the right frontal cortex and 34 ml 100 g-1 min-1 in the contralateral cortex. Mean rCBF value (0) was 19.2 ± 6.6 ml 100 g-1 min -1 for the core of the hypodense area and 31.1 ± 5 ml1 00 g -1 min -1 for the contralateral region in 13 patients with cortical infarction (*p < 0.001, significantly different by paired t test).
for each region ranged from 7 to 13% with coeffi cient of variations of 7.5% for the right gray matter and 8.1 % for the left gray matter.
DISCUSSION
The availability of absolute CBF value is the ad vantageous feature of 133Xe, but its major drawback is the lower resolution of the rCBF image (Andersen et ai., 1988) . In contrast, 99mTc-HMPAO SPECT produces high-resolution images of CBF distribution, but does not provide the absolute value of CBF. The use of the two techniques in conjunction provides quantitative information on rCBF.
The major technical problem encountered when .
Hypodense region
Contralateral region converting two-dimensional CBF to a three dimensional tomogram is the appropriate selection of the CBF index and reference region. The tissue admixture of SPECT results in a dilution of the true isotope concentration. The average count density of the whole brain obtained by SPECT is assumed to be a 50:50 distribution of gray to white matter (Her scovitch and Raichle, 1983) . In this situation, nor malization using average flow value for the whole brain would be the most reasonable way of avoiding the effect of tissue heterogeneity. The global control CBF value of 45 ± 5 ml 100 g-I min -I agrees with the value of 35-45 ml 100 g-I min -1 previously reported in the literature (Ingvar and Risberg, 1967; Frackowiak et ai., 1980; Huang et aI. , 1983; Jones et aI. , 1985) . However, the gray matter flow value of 49 ± 7 ml tOo g -1 min -1 was -20% lower and the cerebellar flow value of 60 ± 9. 9 ml 100 g-I min -I was -20% higher than the values in previous reports. The method of attenua tion correction in SPECT is less satisfactory than the more precise transmission method used for pos itron emission tomography data. Scattering from re gions with high radioactivity can cause overestima tion of CBP values in low-flow areas, where counts rates are low. In addition, the differences in first pass extraction, variation in partition coefficient, and magnitude of initial back-diffusion can alter pa rameter values of HMPAO in the brain. The ratio nal approach to linearize 99mTc-HMPAO SPECT is to correct flow-dependent back-diffusion of the tracer by the algorithm described by Lassen et ai. (1988) . However, one technical issue in this method is the assumption that each region studied is homo geneous. There remains some question whether this assumption is true of particular diseased regions of the brain. Another possible reason why HMPAO SPECT images showed less contrast is the hyper fixation of HMPAO in reperfusing infarct (Heiss et aI. , 1990; Sperling and Lassen, 1993) . This may limit the applicability of information obtained from HMPAO SPECT to detect mild ischemia of the brain.
The reproducibility of CBP value was excellent. Concerning the mean cortical gray matter flow in the cerebrum, we found the SD for reproducibility to be -3 mll00 g-I min -I, which corresponds to a coefficient of variation of 8%. The test/retest differ ences in a method with an SD of 3 ml 100 g -1 min -1 (8%) must, according to the formula for the SD of a difference between the two measurements (il = SD , z = 1. 96,2.58,2. 81, and 3. 29, respectively, for p < 0. 05, 0. 01, 0. 005, and 0. 001) be larger than -6 ml tOO g-I min-I (16%) to achieve the p < 0. 05 level of statistical significance.
We consistently found a close relation between rCBP values and the degree of neurologic impair ment. An absolute decrease of rCBP below 20 ml tOo g -1 min -I, which cerebral oxygen metabolism in the range of 0. 5-2. 5 mll00 g-I min-I, has been reported in the region where CT scanning provides evidence of local infarction (Lenzi et aI. , 1982) . Our rCBP values in the core of the infarct generally agree with results of the Lenzi et aI. study .
The use of whole-brain CBP and HMPAO SPECT to generate rCBP as described can be ap plied to measuring CBP in routine clinical situa tions. The drawback of our procedure is the need to measure the absolute CBP value by 133Xe prior to SPECT to give a whole-brain CBP. Simpler meth-J Cereb Blood Flow Metab. Vol. 14. No.2. 1994 ods are being examined to replace this step to fur ther improve the convenience of this procedure.
